Context: Skeletal muscle from sedentary older adults exhibits reduced mitochondrial abundance and oxidative capacity.
A ging coupled with a sedentary lifestyle contributes to a progressive reduction in skeletal muscle health characterized by declines in skeletal muscle mass, strength, and quality (1, 2) . Moreover, aged skeletal muscle from sedentary older adults also exhibits reduced mitochondrial abundance, oxidative enzyme activities, and oxidative capacity (OXPHOS) (3) (4) (5) (6) (7) (8) . Collectively, these agerelated skeletal muscle deficits contribute to reductions in cardiorespiratory fitness (peak oxygen uptake [VO 2 peak]), exercise tolerance, and overall physical function (9, 10) . Exercise represents an attractive therapeutic strategy to counteract age-related declines in these skeletal muscle deficits.
Both endurance training (ET) and resistance training (RT) are cornerstones of evidence-based exercise prescriptions designed to prevent, delay, or reverse the onset of age-related skeletal muscle deficits. It is widely accepted that mitochondrial abundance, oxidative enzyme activities, and OXPHOS increase in skeletal muscles from rodents to humans in response to exercise (11) . However, the degree to which skeletal muscle mitochondria adapt to exercise probably depends on the mode of exercise (eg, ET vs RT). Moreover, the effect that aging has on exerciseinduced mitochondrial adaptations remains incompletely defined. Chronic rigorous ET has been shown to nearly normalize mitochondrial protein expression as well as mitochondrial ATP production rates in healthy older adults to levels comparable to those seen in sedentary young adults (4). Short-term RT has also been reported to increase mitochondrial OXPHOS in previously sedentary older adults (12) , although this could be considered counterintuitive and RT requires additional exploration alone and in combination with ET. Recent data demonstrate that ET, RT, and combined training (CT) improve mitochondrial abundance and OXPHOS in middle-aged adults with type 2 diabetes (13) . To the best of our knowledge, the relative effects of ET, RT, and CT on mitochondrial adaptations have not been comprehensively examined in a single study targeting both young and older adults. Previous studies showed that RT in frail older people improves their ability to perform endurance activities (14) . Here, we hypothesized that CT would enhance OXPHOS in skeletal muscle and directly compared the effects of CT, ET, and RT in young and older adults. We hypothesized that both ET and CT would increase mitochondrial OX-PHOS, but to a greater extent for CT than for ET. We also hypothesized that the training-induced improvements in mitochondrial OXPHOS would be attenuated in the older subjects compared with those in the younger subjects.
Subjects and Methods

Subjects
Thirty-four young (18 -30 years) and 31 older (Ն65 years) sedentary (ie, exercising Ͻ2 days/wk) adults participated after providing written informed consent approved by the Mayo Clinic Institutional Review Board. Subjects completed an initial screening visit that included a medical history, physical examination, resting electrocardiogram, and biochemical tests of renal, hepatic, hematologic, and metabolic function. Exclusion criteria included evidence of diabetes, cardiovascular disease, and untreated thyroid dysfunction, history of alcohol abuse, substance abuse, smoking, or use of ␤-blockers or insulin sensitizers.
Study design
Subjects were randomly assigned to 1 of the 3 treatment arms: ET, RT, or control/CT. We previously reported detailed descriptions of the exercise training programs (15) . In brief, the ET subjects performed cycling at ϳ65% VO 2 peak for 1 hour, 5 days/wk for 8 weeks. The RT subjects performed 4 sets of 8 to 10 repetitions targeting multiple muscle groups 4 days/wk for 8 weeks. The control subjects performed no exercise training for 8 weeks (control), followed by crossover to a second condition, which was 8 weeks of combined ET and RT. The CT program consisted of cycling at 65% VO 2 peak for 30 minutes 5 days/wk and roughly two thirds the RT volume 4 days/wk. An exercise specialist supervised all exercise sessions. The training volume in all 3 training groups progressively increased over the first 3 weeks. The times spent exercising in the ET, RT, and CT groups were all 60 minutes or less (ϳ60 minutes ϫ 5 days/wk [ET], ϳ30 minutes ϫ 5 days/wk [RT] , and ϳ50 minutes ϫ 4 days/wk plus ϳ60 minutes 1 day/wk [CT] . To document changes in VO 2 peak, strength, and skeletal muscle adaptations, subjects completed 1 pretraining outpatient visit and 1 pretraining inpatient visit, which were repeated in identical fashion after the 8-week training program. Participants who underwent the CT intervention after the control period were studied a third time. Each pretraining inpatient visit was scheduled more than 7 days after the baseline VO 2 peak assessment, whereas the posttraining inpatient visit was scheduled 48 hours after the last exercise bout. The Supplemental Methods provide a detailed description of the pertinent methodologies. In brief, the primary outcome measures were muscle mitochondrial OXPHOS (state 3 respiration) measured by high-resolution respirometry using a standard substrate inhibitor titration protocol in isolated mitochondria described previously (16) . Secondary outcomes included abundance of mRNA encoding mitochondrial proteins and transcription factors measured by quantitative real-time PCR (qPCR) (17, 18) and protein abundance of mitochondrial proteins and transcription factors using standard immunoblotting (19) . We also measured citrate synthase activity spectrophotometrically as described previously (18) . We used dual-energy x-ray absorptiometry (20) and 1-cut computed tomography of the midthigh (21) to measure changes in body composition. Finally, we measured cardiorespiratory fitness (VO 2 peak) and skeletal muscle strength using an incremental exercise test with indirect calorimetry and a 1 Ϫ repetition maximum (1 Ϫ RM) test, respectively.
Statistical analysis
We conducted all statistical analyses using SAS Enterprise Software (version 5.1; SAS Institute). Data are expressed as means Ϯ SEM. We used ANOVA to test for baseline differences between treatment and age groups. We used paired t tests to test for preintervention to postintervention percent changes (%⌬) within each treatment group. We used mixed-effects ANOVA models to test for mean differences between groups for the preintervention to postintervention %⌬ scores. The model specification included parameters to estimate the exercise main effect (control, ET, RT, and CT), the age main effect (young vs old), and their interaction on the %⌬ in the dependent variables. The models also included a random effect that represented the betweenand within-subject error terms. We used post hoc 2-sample t tests to examine mean differences in the preintervention to postintervention %⌬ between the treatment groups, with the exception of the comparison between the control and CT groups, for which we used paired t tests. The P values reported for the a priori pairwise comparisons between the exercise treatments and control (ie, ET vs control, RT vs control, and CT vs control) are unadjusted P values and the pairwise comparisons between exercise treatments (eg, ET vs RT, ET vs CT, and RT vs CT) are the Hochberg-adjusted P values. The overall type I error (␣) ϭ .05% using two-sided tests.
Results
Baseline demographics and physical characteristics (Table 1) At baseline there were no significant differences between the treatment groups for any of the demographic or physical characteristics (all P Ͼ .05). In contrast, the older subjects had a higher body mass index (P ϭ .016), percent body fat (P ϭ .008), and total fat mass (P ϭ .009) than the younger subjects. The older subjects also exhibited lower VO 2 peak (P Ͻ .001), chest press 1 Ϫ RM (P ϭ .003), leg press 1 Ϫ RM (P ϭ .001), and leg press 1 Ϫ RM normalized to the total midthigh skeletal muscle cross-sectional area (P ϭ .023). At baseline, there were also no significant differences in total physical activity assessed by accelerometry between the young and older subjects (273 Ϯ 25 wear-time cpm [n ϭ 23 young] vs 234 Ϯ 14 wear-time cpm [n ϭ 25 old], P Ͼ .05). (Table 2) Both ET and CT reduced percent body fat (P ϭ .015 and P ϭ .001, respectively) and absolute fat mass (P ϭ .044 and P ϭ .001, respectively). The changes in these variables were significantly greater than those for the control (all P Ͻ .05) and were independent of age (all P Ͼ .05). All 3 exercise conditions increased lean body mass and (2) 16 (1) 30 (1) 18 (1) 27 (2) 19 (10) 0.29 Ͻ0.001 0.56 Chest press 1 Ϫ RM, kg 54 (8) 2 30 (4) 44 (5) 34 (4) 43 (6) 36 (4) 
Training-induced changes in physical characteristics
Age
Fat mass, % 1. Control Ͻ ET and CT Chest press, kg 4.4 (3.3) g P Ͻ .05 (treatment vs RT). 1 n ϭ 9; 2 n ϭ 10; 3 n ϭ 11. midthigh skeletal muscle cross-sectional area (all P Ͻ .05). The increases in lean body mass in the ET and RT groups were also significantly greater than those in the control group (all P Ͻ .05). The ET-and RT-induced increases in lean body mass were significantly greater in the young than in the older subjects (P ϭ .018 and P ϭ .041, respectively). Both ET and CT increased VO 2 peak (P ϭ .001 and P ϭ .0003, respectively). Both RT and CT increased chest press 1 Ϫ RM (P Ͻ .0001), whereas all 3 exercise conditions increased leg press 1 Ϫ RM (P Ͻ .0001). The RT-and CT-induced increases in chest press and leg press 1 Ϫ RM were greater than those in the control and ET groups (all P Ͻ .05). Both RT and CT increased leg press 1 Ϫ RM normalized to total skeletal muscle cross-sectional area (P Ͻ .0001), which was also significantly greater than the changes in the control and ET groups (P Ͻ .05).
Baseline mitochondrial oxidative capacity (Figure 1 ) Figure 1 shows mitochondrial OXPHOS (state 3 respiration) for complex I (glutamate ϩ malate), complex IϩII (glutamate ϩ malate ϩ succinate), and complex II (glutamate ϩ malate ϩ succinate ϩ rotenone) in isolated mitochondria from the young and older subjects by treatment group at baseline as well as the %⌬ from baseline. We expressed OXPHOS measurements per gram of mus- At baseline, total n ϭ 12 young/9 old (control/CT), n ϭ 10 young/11 old (ET), and n ϭ 11 young/10 old (RT) for complex I; n ϭ 10 young/9 old (control/CT), n ϭ 11 young/11 old (ET), and n ϭ 11 young/10 old (RT) for complex IϩII; and n ϭ 11 young/8 old (control/CT), n ϭ 10 young/11 old (ET), and n ϭ 11 young/10 old (RT) for complex II-driven respiration. For the preintervention to postintervention %⌬, n ϭ 12 young/9 old (control/CT), n ϭ 10 young/9 old (ET), n ϭ 11 young/10 old (RT), and n ϭ 12 young/8 old (CT) for complex I; n ϭ 10 young/9 old (control/CT), n ϭ 11 young/11 old (ET), n ϭ 11 young/10 old (RT), and n ϭ 11 young/9 old (CT) for complex IϩII; and n ϭ 11 young/8 old (control/CT), n ϭ 10 young/11 old (ET), n ϭ 11 young/10 old (RT), and n ϭ 12 young/8 old (CT) for complex II-driven respiration. Baseline data were analyzed by ANOVA. Paired t tests were used to test for preintervention to postintervention percent changes (%⌬) within each treatment group. ANOVA models were used to test for mean differences between groups for the preintervention to postintervention %⌬ scores. a, P Ͻ .05 (pre vs post); b, P Ͻ .01 (pre vs post); c, P Ͻ .001 (pre vs post); d, P Ͻ .05 (treatment vs control); e, P Ͻ .01 (treatment vs control); f, P Ͻ .05 (treatment vs ET); g, P Ͻ .05 (treatment vs RT); h, P Ͻ .05 (young vs old). Training-induced changes in mitochondrial oxidative capacity (Figure 1 ) Overall, ET increased complex I, complex IϩII, and complex II OXPHOS Tisssue (P ϭ .020, P ϭ .059, and P ϭ .048, respectively). CT increased complex I, complex IϩII, and complex II OXPHOS Tisssue (P ϭ .006, P ϭ .0002, and P ϭ .001, respectively). The CT-induced increases in OXPHOS Tissue were also greater than the increases in the control group for complex IϩII and complex II (all P Ͻ .05) and greater than those in the RT groups for complex IϩII (P Ͻ .05). ET increased complex I, complex IϩII, and complex II OXPHOS Protein (P ϭ .038, P ϭ .041, and P ϭ .050, respectively). CT increased complex I, complex IϩII, and complex II OXPHOS Protein (P ϭ .006, P ϭ .001, and P ϭ .004, respectively). The CT-induced increases in OXPHOS Protein were also greater than the increases in the control group for complex IϩII and complex II (all P Ͻ .05). Moreover, the CT-induced increaseinOXPHOS Protein forcomplexIϩIIwasalsogreaterthan the increases for RT. Interestingly, the CT-induced increase in OXPHOS Protein was greater in the young than in the older subjects (P Ͻ .05) for complex IϩII. In support of these findings frommitochondrialrespirometry,CTincreasedcitratesynthase activity (1.3 Ϯ 0.6 mol/min/g tissue, P ϭ .05).
Baseline mRNA abundance
There were no significant differences in mRNA abundance between the old and young for pgc1␣ total (0. Training-induced changes in mRNA abundance (Table 3) ET and CT increased the mRNA abundance Ͼ75% (11 of 14 and 12 of 14, respectively) of the gene transcripts encoding mitochondrial transcription factors and proteins (all P Ͻ .05). Compared with the control, ET and CT also increased approximately 60% (9 of 14 and 8 of 14, respectively) of the gene transcripts encoding mitochondrial transcription factors and proteins (all P Ͻ .05). RT increased the mRNA abundance of approximately 20% (3 of 14) of the gene transcripts encoding mitochondrial transcription factors and proteins (all P Ͻ .05). Compared with the control, RT also increased approximately 20% (3 of 14) of the gene transcripts encoding mitochondrial transcription factors and proteins (all P Ͻ .05). CT also increased mRNA abundance of genes encoding contractile (myolc, mhcI, and mhcIIa) proteins (P Ͻ .05). All 3 exercise training conditions reduced the mRNA abundance of the gene encoding mhcIIx (P Ͻ .05). There was no significant effect of age on the mRNA response to exercise (P Ͼ .05).
Baseline protein abundance
There were no significant differences in protein abundance for peroxisome proliferator-activated receptor gamma coactivator 1␣ (PGC1␣) (1.7 Ϯ 0.1 au vs 1.6 Ϯ 0.1 au), sirtuin 3 (SIRT3) (1.2 Ϯ 0.1 au vs 1.2 Ϯ 0.1 au), transcription factor A, mitochondrial (TFAM) (1.6 Ϯ 0.3 au vs 1.2 Ϯ 0.1 au), or vinculin (1.0 Ϯ 0.1 au vs 1.0 Ϯ 0.1 au) between the young and older subjects (all P Ͼ .05, n ϭ 30 per group) at baseline. There were also no significant differences in protein abundance for the total OXPHOS electron transport chain (ETC) proteins (0.8 Ϯ 0.05 au vs 0.8 Ϯ 0.04 au) between young and older subjects (P Ͼ .05, n ϭ 30 young and 29 older) at baseline. There were random differences in the protein expression of PGC1␣ and total OXPHOS ETC proteins between the treatment groups at baseline. Specifically, the control group had higher PGC1␣ protein abundance (2.1 Ϯ 0.2 au) than either the ET (1.6 Ϯ 0.1 au) or the RT (1.3 Ϯ 0.2 au) group (P Ͻ .05) at baseline. The ET group had higher total OXPHOS protein abundance (0.9 Ϯ 0.1 au) than either the control (0.7 Ϯ 0.1 au) or the RT (0.8 Ϯ 0.1 au) groups (P Ͻ .05) at baseline. There were no differences between treatment groups for protein abundance for SIRT3, TFAM, or vinculin at baseline (data not shown).
Training-induced changes in protein abundance (Figure 2)
ET increased PGC1␣ and SIRT3 protein abundance (P ϭ .001 and P ϭ .0004, respectively), which was greater than the increase in the control group (P Ͻ .05). RT increased SIRT3 protein abundance (P ϭ .033), which was also greater than the increase in the control group (P Ͻ .05). CT increased SIRT3 protein abundance (P ϭ .036), which was greater than the increase in the control group (P Ͻ .05). CT showed a trend to increase PGC1␣ and TFAM protein abundance (P Ͻ .06). ET and CT both increased the total OXPHOS ETC protein abundance (P Ͻ .001, and P ϭ .030, respectively). Both the ET-and CT-induced increases in the total OXPHOS ETC protein abundance were greater than the increase in the control group (P ϭ .014 and P ϭ .035, respectively).
Discussion
The present study demonstrates that both ET and CT significantly increased (1) OXPHOS measured by highresolution respirometry and (2) mRNA and protein abundance of mitochondrial transcription factors and mitochondrial proteins measured by qPCR and immunoblotting. Importantly, these exercise-induced improvements were largely independent of age. Finally, CT resulted in the most robust improvements in most of the mitochondrial-related outcomes, supporting the current exercise recommendations to routinely incorporate both ET and RT to maximize the salutary effects of exercise on muscle health.
The results indicate that CT improved not only wholemuscle oxidative capacity but also the intrinsic function of mitochondria as OXPHOS expressed per tissue wet weight and protein content. We hypothesized that training-induced improvements would be attenuated in the older subjects compared with those in the younger subjects. However, ET increased OXPHOS independent of age, consistent with prior observations that ET increases skeletal muscle mitochondrial bioenergetic function across the lifespan (4, 12, 22, 23) . Moreover, improvements in OXPHOS in response to CT were also independent of age. In contrast to prior studies in healthy young (24) and older adults (12, 25) , RT did not significantly affect OXPHOS in the present investigation regardless of age. Differences in the OXPHOS response to RT between the present study and prior studies may be due to differences in training volume, intensity, duration, and types of exercises. The present results also demonstrated Control Ͻ CT tfam Ϫ9 (5) 10 (11) 21 (11) 6 (10) 19 (18) 1 (18) 28 (13) 28 (13) 
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Control Ͻ ET and CT myolc Ϫ7 (8) Ϫ7 (11) 15 (9) 161 (139) 14 (9) 54 (53) 51 (25) (9) 15 (10) 20 (15) 74 (35) mhcIIa 4 (13) Ϫ15 (10) 22 (14) Ϫ6 (15) 51 (33) 3 (16) 13 (11) 40 ( that in nondiabetic young and older adults, 8 weeks of CT provides the most robust improvements in OXPHOS and thus supports results in type 2 diabetic individuals undergoing 9 months of CT in comparison with ET and RT training alone (13) . Both mRNA and protein abundance of PGC1␣ generally increased in response to ET and CT, showing similar directions of change in both age groups but reaching statistical significance specifically in the young; this finding supports the notion that increased OXPHOS in response to ET and CT is mediated in part by PGC1␣, which is a master regulator of mitochondrial biogenesis (26) . It is similarly of interest that even RT, a modality not traditionally associated with mitochondrial adaptation, affected PGC1␣ expression, and this finding demonstrates that the molecular distinction between different exercise modalities can become blurred to some extent when realworld exercise interventions are studied. Moreover, the observation of the increase in the mRNA abundance for pgc1␣1, which is an isoform of PGC1␣ that promotes an oxidative phenotype in skeletal muscle (15) , further supports this PCG-1-related mechanism for muscular adaptation to exercise training. These results, particularly those in the young participants, build upon the original report Figure 2 . Panels A and B present representative blots for PGC1␣, SIRT3, Vinculin, and TFAM. Blots Ai and Aii are the same blot incubated in antibodies for Vinculin (Ai), PGC1␣ (Aii), and SIRT3 (Aii) for the control/combined (CT) group. Blots Aiii and Aiv are the same blot incubated in antibodies for Vinculin (Aiii), PGC1␣ (Aiv), and SIRT3 (Aiv) for the endurance training (ET) and resistance training (RT) groups. Blots Bi and Bii are the same blot incubated in antibodies for Vinculin (Bi) and TFAM (Bii) for the control/CT group. Blots Biii and Biv are the same blot incubated in antibodies for Vinculin (Biii) and TFAM (Biv) for the ET and RT groups. Panels C-F present the densitometry for PGC1␣, SIRT3, Vinculin, and TFAM, respectively. The densitometry for Vinculin was performed on the PGC1␣/SIRT3 blots (Panel A). Panel G presents representative blots for the Mitosciences Total OXPHOS Electron Transport Chain (ETC) protein abundance for the control/CT (Gi) and ET (Gii) and RT (Gii) groups.Panel H presents the integrated intensity of bands detected by the Mitosciences Total OXPHOS ETC protein antibody cocktail ranging from ϳ10 kDa through ϳ60 kDa was quantified and used to represent the abundance for the OXPHOS ETC proteins. One older ET participant's sample was excluded from the total OXPHOS ETC analysis due to a smear in the bands. Data are expressed as mean percentage change Ϯ SEM. Total n ϭ 60; n ϭ 10 young, 10 old in each intervention group, 50/50 male/female. Data were analyzed as described in Figure 1 from this cohort showing that both ET and CT increased pgc1␣1 expression with the CT effect being greater than the ET effect (15) . The CT-induced increase in pgc1␣4 is also consistent with its ability to stimulate skeletal muscle hypertrophy (15) . However, both ET and RT produced nonstatistically significant increases in pgc1␣4 (ϳ24% and ϳ13%, respectively) despite significantly increasing skeletal muscle cross-sectional area. We expected that pgc1␣4 would have increased after RT based on its putative role in regulating muscle hypertrophy (15) . There are numerous potential nuances in the manner in which pgc1␣4 responds to training. For example, sex appears to affect exercise-induced expression of pgc1␣4. Indeed, recent data demonstrate that acute bouts of both ET and RT increase the expression of pgc1␣4 in men (26) . Consistently, in the male participants in the current study, pgc1␣4 increased in response to ET (45 Ϯ 2%, P ϭ .04), RT (39 Ϯ 2%, P ϭ .06), and CT (59 Ϯ 3%, P ϭ .03). This observation may partly explain the greater skeletal mass in men, and the interaction between pgc1␣4 expression and sex hormones remains unknown. It is possible that pgc1␣4 only plays a permissive role in skeletal muscle hypertrophy in response to exercise, which is widely recognized to be under the regulation of the mammalian target of rapamycin (27, 28) . We also suspect that the lack of a statistically significant increase in pgc1␣4 after RT as well as ET may also reflect in part a type II error. Consistent with the CT-induced increase in pgc1␣4, we also observed a concomitant increase in the mRNA abundance of Metrnl in a subanalysis (Supplemental Figure 1) . These training-induced elevations are also consistent with the acute increase in Metrnl expression after a single bout of combined endurance and resistance exercise (29) . In mice, elevated expression and secretion of Metrnl has been associated with increased thermogenesis and glucose homeostasis (29) .
We also assessed the impact that the 3 exercise training conditions had on key mitochondrial transcription factors such as TFAM. All exercise conditions induced increases in mRNA and protein abundance of some of the mitochondria-related transcription factors. Of interest, CT resulted in the most consistent and statistically significant increases in the mRNA and protein abundance of these transcription factors. Overall, CT showed a trend to increase the mRNA and protein abundance of TFAM. However, there was no statistically significant treatment, age, or treatment ϫ age interaction for the preintervention to postintervention change in the mRNA abundance of tfam. In contrast, there was a significant treatment effect on the preintervention to postintervention change in TFAM protein abundance. We have previously reported that chronic rigorous ET (4) as well as 8 weeks of ET in this cohort increases SIRT3 expression (30); to our knowledge this is the first report that SIRT3 expression is increased in response to RT or CT. SIRT3 recently has been reported to play an important role in regulating metabolic flexibility of muscle (31) as well as regulating muscle mass and OXPHOS (32) . Thus, SIRT3 may be an important mediator of muscle quality in response to exercise. We recognize that other molecular targets including AMP-activated protein kinase (AMPK), p38 MAPK, calcium/calmodulindependent protein kinase II (CAMKII), myocyte enhancer factor 2 (MEF2), and activating transcription factor (ATF) also play important roles in regulating exerciseinduced mitochondrial biogenesis and skeletal muscle adaptations, promoting a more oxidative phenotype (33) . However, these important regulatory enzymes/transcription factors are rapidly turned on and off by phosphorylation and dephosphorylation. As a result, the signal from these molecules is expected to be low 48 hours after the last exercise session.
Another important finding of the current study is that both ET and CT consistently increased mitochondrial abundance, evident from elevations in the mRNA abundance of gene transcripts encoding mitochondrial proteins measured by qPCR and protein abundance of total OXPHOS ETC proteins measured by immunoblotting. In agreement with the OXPHOS data, CT also resulted in the most consistent statistically significant increases in markers of mitochondrial abundance. These findings support results in type 2 diabetic individuals receiving 9 months of CT in comparison with ET and RT training alone (13) . Previous studies have also reported that ET increases mitochondrial abundance using electron microscopy-, cardiolipin-, and proteomic-based analyses (4, 22, 34, 35) .
Of interest, all 3 training modalities significantly increased fat free mass and midthigh cross-sectional area. These results are consistent with those of previous publications, demonstrating the beneficial effects of ET, RT, and CT on body composition, skeletal muscle strength, and cardiorespiratory fitness (36 -38) . It may seem counterintuitive for ET to increase lean body mass and midthigh cross-sectional area; however, in deconditioned subjects, cycling may provide sufficient stimulus to enhance skeletal muscle hypotrophy. A longer duration of training (eg, 6 months) may have allowed for greater divergence in the exercise training-induced elevations in lean body mass and skeletal muscle cross-sectional area. Another interesting finding was that RT and CT increased leg press 1 Ϫ RM, both absolute strength and that normalized to leg lean mass, supporting the notion that these training modalities improve overall muscle quality. CT appears to be especially effective for increasing the overall muscle quality in the older subjects, supporting our view that CT is a desirable approach for treating sarcopenia/ dynapenia in older people. The exercise training-induced changes in body composition, skeletal muscle strength, and cardiorespiratory fitness were largely independent of age.
The current study also demonstrated lower OXPHOS through complex I in the older than in the younger subjects at baseline when expressed per tissue wet weight. These findings are consistent with recent data indicating that maximal mitochondrial ATP production rates in response to a supply of complex I substrates are lower in older than in younger adults (35, 39) . Moreover, intrinsic mitochondrial capacity (expressed per mitochondrial protein content) was also lower in the older than in the younger subjects in response to a supply of complex I, complex IϩII, and complex II substrates. These findings indicate that the age-related reductions in skeletal muscle oxidative capacity are due in part to reductions in organelle abundance and also to a decline in the inherent function of mitochondria.
Among the strengths of the present study was the comprehensive assessment of the exercise training-induced effects on the skeletal muscle mitochondria in a relatively large number of individuals. A potential limitation is the fact that the exercise training interventions were not matched for energy expenditure, which could have affected some of the molecular adaptations to exercise. Because of the complex nature of whole-body resistance training, we were unable to quantify precisely the absolute energy cost of each exercise condition. However, it is likely that the absolute energy cost of exercise was greatest in the ET group and least in the RT group. Likewise, the younger participants also probably had higher absolute energy costs of exercise than the older participants, although the relative exertion levels (percentage of maximal exercise capacity) were similar between young and older individuals in our study.
Collectively, the present results demonstrate that 8 weeks of ET and CT increase skeletal muscle mitochondrial OXPHOS, mRNA, and protein abundance of mitochondrial transcription factors and proteins in healthy young and older adults. Importantly, most of the exercise training-induced improvements in these outcomes occurred independent of age. Moreover, CT also resulted in the most robust improvements in most of the mitochondria-related outcomes and improvements in muscle strength and overall muscle quality in the older subjects, supporting the observation that CT is the preferred exercise regime for older people to treat sarcopenia. CT provides a robust exercise regimen for improving skeletal muscle OXPHOS, muscle strength, overall muscle quality, and physical characteristics independent of age.
